Autumn senescence in aspen is not triggered by day length.
Introduction
Trees in boreal regions require adaptations to harsh winter conditions and short growing seasons. Of particular importance are modifications to the annual cycle of growth-arrest, such as dormancy induction, senescence and cold hardiness development, traits that have likely been under strong selection during post-glacial population expansion. To achieve correct timing of these events, trees use environmental cues, and the effect of the obvious cues, temperature and light, on tree phenology has been much studied. Although it is obvious that different tree species may react differently to these cues, photoperiod is known to regulate bud set, growth cessation and cold hardiness development in many tree species (e.g. Li et al. 2003 , Welling and Palva 2006 , Lagercrantz 2009 ). The concept 'critical photoperiod' was developed to explain flowering in annual plants. The critical photoperiod is a threshold value; flowering in some plant species (short day or SD plants) is triggered when the day Abbreviations -CCI, chlorophyll content index; CO, CONSTANS; FT, FLOWERING LOCUS T; SD, short day; SwAsp, Swedish Aspen.
length is shorter than a critical photoperiod, while other species are long day (LD) plants and flower when the day length exceeds a critical photoperiod. The genes coding for components of the photoperiodic control system have been well characterized in, for instance, Arabidopsis and rice (Andres and Coupland 2012, Pin and Nilsson 2012) and the components include photoreceptors, the central oscillators of the circadian clock and downstream factors like GIGANTEA (GI), FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1) and CONSTANS (CO). The external coincidence model explains how a plant can measure day length through the interaction of clockand light-regulated diurnal gene expression of CON-STANS (CO), the stabilization of the CO protein by light, and the subsequent regulation of FLOWERING LOCUS T (FT) expression that, for instance, induces flowering.
Knowledge of photoperiodic control in trees is more fragmented but it appears that the same components are involved. Growth cessation and bud set in Populus have been shown to be under photoperiodic control, are induced by the shortening photoperiod in the autumn and are dependent on light input via phytochrome (PHY) and the circadian clock components LHY1, LHY2 and TOC1 through the CO/FT module (Olsen et al. 1997 , Böhlenius et al. 2006 , Ibáñez et al. 2010 . Natural variation in the critical photoperiod for growth arrest and bud set is important to allow trees to adapt properly to local conditions and is a key determinant of growth.
The tree trait that most people associate with autumn is, however, not bud set and/or growth arrest, but autumn leaf senescence. The purpose of autumn senescence is to remobilize the nitrogen and other nutrients from the leaves to other organs, for reuse next spring. Leaf senescence involves a coordinated action at the cellular, tissue, organ and organism levels under the control of a highly regulated genetic program (Lim et al. 2007 ) but the regulation of the leaf senescence process has been remarkably hard to understand. Many factors can trigger senescence in a leaf including age, stress or shading and leaf senescence is linked to the physiology of the plant. Many trees at high latitudes anticipate the winter and at one point start an active and rapid autumn senescence process. It is obvious that temperature can influence the process; the date of color change of the canopy changes slightly between years depending on temperature and there is also information on a global scale indicating that climate warming has led to delays in the autumn coloration of boreal forests. However, it is equally obvious that temperature is not the only triggering factor as the date of color change cannot be predicted by temperature alone: a recent modeling study failed to detect a fixed degree-day, temperature or photoperiod requirement for autumn senescence in three tree species (Olsson and Jönsson 2015) . In order to direct tree breeding and plantation of, for example, bioenergy plantations, our ability to predict the future climate must be combined with an ability to predict which tree genotypes will grow well under climatic conditions not yet encountered. Therefore, a dissection of autumn phenology traits in broad-leaved trees is important.
Over the past 15 years we have studied autumn senescence in aspen (Populus tremula), in large aspen trees grown in the natural environment. Although there are many experimental challenges in the study of large, fully grown trees in the field, we have found that this offers a 'clean' and rather unique experimental system; the whole canopy of our aspens enters senescence in a coordinated fashion on a given date (Bhalerao et al. 2003 , Andersson et al. 2004 , Keskitalo et al. 2005 , Sjödin et al. 2008 , Fracheboud et al. 2009 ). This contrasts with many other systems used to study autumn senescence and cannot, at least in our hands, readily be replicated under controlled conditions. Mature aspens in our climate grow almost exclusively with short shoots from winter buds, which all flush simultaneously in the spring and the same leaves are kept for the whole summer, and undergo 'wear-and-tear' damage where cells become irreversibly damaged by biotic or abiotic stress, resulting in gradually lower chlorophyll levels. In our aspens, we can therefore eliminate the effect of leaf age that severely complicates studies on senescence, as young leaves -perhaps of all species -are incompetent to senesce (Schippers et al. 2015) . We have been able to draw several conclusions from our studies, for example: (1) Autumn senescence in a mature aspen follows a strict order by which the degradation of various molecules and protein complexes takes place (Keskitalo et al. 2005 , Fracheboud et al. 2009 ).
(2) At the molecular level, aspen autumn senescence is similar to leaf senescence in, e.g. Arabidopsis (Bhalerao et al. 2003 , Andersson et al. 2004 . (3) A given aspen initiates autumnal senescence (monitored as chlorophyll breakdown) on almost the same date every year regardless of the weather (Keskitalo et al. 2005 , Fracheboud et al. 2009 . (4) Temperature is not the triggering factor for autumn senescence (Bhalerao et al. 2003 , Keskitalo et al. 2005 , Fracheboud et al. 2009 ), however, once initiated, the speed of senescence is temperature-dependent (Fracheboud et al. 2009 ) so the leaves remain green for longer in warmer years. (5) Corresponding to the concept of age-dependent senescence in annual plants (Bleecker and Patterson 1997) , a leaf has no given life span: the date of bud burst in the spring could vary by weeks but the onset of senescence is the same (Sjödin et al. 2008) . (6) Bud set and senescence are interdependent: SD-induced bud set/growth arrest is a prerequisite for autumnal senescence, i.e. trees need to be 'competent to senesce' in order to respond to the elusive trigger for senescence (Fracheboud et al. 2009 ). (7) Finally, the time between bud set and initiation of senescence is, for each genotype, not fixed and there has to be a 'second trigger' that initiates senescence (Fracheboud et al. 2009 ).
Taken together, these studies show that light must be the primary signal that initiates autumn senescence in aspen. We have monitored the same aspen for over 15 years, over autumns with varying weather, and there is simply no other signal that could reliably provide the necessary information for the tree to initiate senescence on almost the same date every year. However, since the time since bud set -triggered by the photoperiod -is variable, a second trigger needs to be involved. This could be a second critical photoperiod, in which case the same input system would give two different outputs, but the systems could be separated spatially (i.e. operating in different tissues) or temporally, or it could be some other light-derived signal, yet to be understood. Moreover, many of our previous studies have focused on one individual tree, hence the general applicability of the results could be questioned.
We have generated a collection consisting of aspen (P. tremula) genotypes from 12 populations spanning latitudes from 56.3 ∘ N to 66.2 ∘ N. The trees were collected throughout Sweden, cloned, propagated and planted in a randomized block design in two common field gardens, Ekebo, located at latitude 56.0 ∘ N and Sävar, located at latitude 63.9 ∘ N ). The population has exceptionally high levels of phenotypic and genotypic variation (Hall et al. 2007 , Ma et al. 2010 ), a very low extent of linkage disequilibrium (LD) and very little population structure (Hall et al. 2007) . In this contribution, we use this population to test the hypothesis that the trigger for onset of autumn senescence is a second critical photoperiod, and also whether the onset of senescence is associated with induction of increased freezing tolerance.
Materials and methods

The SwAsp collection
The Swedish Aspen (SwAsp) collection has previously been described . Twelve populations of P. tremula were collected from across Sweden, from 56.3 ∘ N to 66.2 ∘ N. A total of 116 genotypes were planted in 2004 with four or more replicates in two field common gardens, one in Ekebo, located at latitude 56.0 ∘ N in the south of Sweden and one in Sävar, located at latitude 63.9 ∘ N. The field sites are relatively similar in terms of overall growing conditions, both highly homogenous, on previous agricultural land of the same elevation, fenced and separated from surrounding tree vegetation. The weather conditions are not drastically different, although the Ekebo garden has overall a milder climate. The mean temperature in the summer of 2011 (June 1 to August 30, Julian days 152-243) was 17.5 ∘ C in Ekebo and 14.7 ∘ C in Sävar. However, the light regime is very different and the photoperiod differs significantly between the sites during the summer; the maximum day length at summer solstice is approximately 17.5 h in Ekebo and 21 h in Sävar.
Senescence measurements
The visual appearance of the progression of autumn senescence in aspen has been illustrated previously (Keskitalo et al. 2005 , Edlund et al. 2017 ). In the current study, a chlorophyll content index (CCI) for all healthy trees in the gardens was measured during the autumn of 2011 using a chlorophyll content meter, CCM-200 (Opti-sciences, Hudson, NH) on five randomly chosen preformed leaves per ramet. Aspen leaf chlorophyll levels gradually decrease over the course of a season due to 'wear and tear' damage, but at a point which we define as the 'onset of autumn senescence' this decrease is greatly accelerated. We have previously established that there is a linear relationship between CCI values and chlorophyll concentration in aspen leaves under these conditions (Fracheboud et al. 2009) . A different set of leaves was chosen on each measurement date. Trees that lacked preformed leaves on short shoots -those that were damaged and had resprouted -were excluded, as were ramets with more than half of the canopy infected with Melampsora pinitorqua. In Ekebo, measurements were performed on August 25, 31, September 5, 12, 19, 26 and October 3, 10, 17, 24, 2011 (Julian days 237-297) . Occasionally some blocks were scored a few days earlier or later. In Sävar, all blocks were measured on August 18, 21, 24, 27, 30, September 2, 8, 11, 14, 17, 20, 26 and October 5, 8, 12, 22, 2011 (Julian days 230-234) . Onset and rate of senescence were estimated from the chlorophyll index data using a non-linear mixed-model using the nlme package in the statistical software R (R Core Team 2015). Briefly, chlorophyll index (y) was modeled as a function of days since the start of the measurements (x) using a simple logistic function:
where 0,i , 1,i and 2,i are parameters that determine the shape of the logistic equation for genotype i. These parameters were estimated individually for all genotypes using a non-linear mixed model using up to four independent ramets per genotype and used to calculate three parameters/traits (Fig. S1 , Supporting Information). Initial chlorophyll content was, for each genotype, calculated from 0,i , 1,i and 2,i by setting x = 0. Onset of senescence was defined as the date when chlorophyll content had been reduced to 85% and rate of senescence as the slope of the line connecting the time points when chlorophyll content was 85 and 15% of starting value. Senescence data from the greenhouse were taken from Fracheboud et al. (2009) .
Bud set measurements
Bud set was scored visually in Ekebo 2005 and in Sävar 2005 ) using a score card ( Fig. S2 ) similar to previous studies on bud set in aspen and other Populus species. Bud set was defined as the date when the bud was completely closed and covered by the bud scales
Physiol. Plant. 162, 2018 and hard to the touch (score 0). Our aspens grew mainly with short shoots with a determinate growth; buds set in the previous season burst in the spring and no further leaves are developed during summer. Long shoots, on which new leaves are formed during the summer, did however also exist. Most previous studies of bud set in Populus have been performed on young trees -often grown in greenhouses or climate chambers -that only have long shoots, and may even have sylleptic branches, i.e. branches not developing from buds that have overwintered. Bud set on long shoots is easier to score than on short shoots that stop growing in the early summer, and it is possible that the physiology behind each is different. Although we did not systematically investigate this, it appeared that our method of bud set scoring was relatively insensitive to differences between shoot types and short and long shoots were not separated during bud set scoring.
Bud burst measurements
Bud burst was scored in the gardens over several years. Details of this dataset will be published elsewhere (Robinson et al., unpublished) . Briefly, bud burst was recorded as the first day of the year (DOY) that three or more buds on a tree displayed distinct separation of the first two leaves from a bud, as described in Robinson et al. (2012) .
Freezing tolerance measurements
Buds from a mature tree were collected and washed with distilled water. Three buds were placed in a test tube with 500 μl H 2 O. A pilot test (not shown) was performed using a broad temperature range to indicate the initial phase of acquisition of freezing tolerance, to establish which temperatures were useful to the study. Once full freezing tolerance was acquired the buds were very hardy; even exposure to −80 ∘ C led to little freezing damage so the standard LT 50 test (Whitlow et al. 1992 ) was hard to conduct. Buds (in triplicate) were exposed to seven temperatures (−4, −6, −8, −10, −12, −14 and −16 ∘ C), stored overnight at 4 ∘ C, and electrolyte leakage (E1) measured. The buds were subsequently flash frozen in liquid nitrogen and kept at room temperature overnight to release all electrolytes and measured again (E2). LT 100 was calculated as the average E1/E2 (×100 percent) for 12, −14 and −16 ∘ C (which were most informative as the range of damage was between 10 and 50%). Untreated buds were included as a control.
Results
Phenology traits were highly heritable, and some were correlated
Autumn senescence was monitored in the whole population by recording the leaf chlorophyll levels in the two common gardens and bud set, bud burst, height and diameter of the same trees were also scored in both gardens, hence under different light and temperature conditions. In a system like ours where individuals can be cloned, the broad-sense heritability -the fraction of the phenotypic variation that is explained by genetic factors -can be estimated by measuring the variation in a trait in individuals of the same genotype. All measured traits had moderate/high levels of broad-sense heritability (0.59/0.59, 0.49/0.50, 0.55/0.45, 0.65/0.49 and 0.55/0.44 for bud set, bud burst, chlorophyll level, onset of senescence and rate of senescence in Sävar/Ekebo, respectively) and not surprisingly, several of them were highly correlated (Table 1) . For example, the correlation between bud set and growth was 0.79 and 0.64 in the two gardens, respectively, and between bud set and onset of senescence was 0.49 and 0.64, respectively. The correlation between onset of senescence and growth was weaker, 0.44 and 0.52. In contrast, the correlation between bud burst and all the other traits was weak (0.01-0.30). Obviously autumn phenology, in particular bud set (and the associated growth arrest), was the major determinant for the growth and productivity of the different genotypes while spring phenology only weakly influenced growth. The complete dataset is available in Table S1 .
Autumn phenology parameters followed similar patterns to those previously found in aspen
To be able to draw conclusions about the factors triggering senescence, it was first necessary to verify that autumnal senescence in these trees was not obviously different from the trees we have drawn conclusions from earlier. First, we wanted to exclude the possibility that a drop in temperature was the triggering factor for senescence. Although this is hard to formally prove, we could not find any obvious pattern or temperature triggering signals that could explain the difference between the genotypes and the similarities and differences between the two gardens. Daily mean and minimum temperatures during the experiments at both sites are provided in Fig. S3 . Instead, as in our earlier studies, it was apparent that each aspen genotype in each garden initiated senescence on a given date. Second, we also needed to verify that the time between bud set and initiation of senescence was not the same for each genotype. If such a 'ticking clock hypothesis' were true, the number of days between bud set and senescence should be about the same for each genotype in the two gardens, i.e. the data points would fall on a 1:1 diagonal if they were plotted against each other. The time between bud set and onset of senescence varied between 0 and 60 days in Ekebo, and 5 and 50 days in Sävar. These data were incompatible with a hypothesis that there was a given number of days between bud set and senescence; the regression line (black in Fig. 1 ; R 2 = 0.20, P < 0.001) when the number of days in Ekebo was correlated with the number of days in Sävar was significantly different from the diagonal (gray), therefore the hypothesis was falsified. When the six northern populations were excluded from the analyses, the regression of days between bud set and senescence in Ekebo vs Sävar was significant (R 2 = 0.10, P = 0.0179) and different from the diagonal, indicating that this trend was not entirely driven by northern genotypes growing in the southern garden. Taken together these data corroborate the conclusions by Fracheboud et al. (2009) and show that the dataset was useful for our purpose; senescence was in these trees neither triggered by leaf age, nor by low temperatures, and the time elapsed as bud set could not be the factor triggering senescence.
Bud set appeared to be induced by photoperiod
There were, as we have noted before, strong latitudinal clines in the date of bud set in both Ekebo and Sävar (Fig. 2) . The time of bud set varied by about 50 days in Ekebo ( Fig. 2A ) and 40 days in Sävar (Fig. 2C) . Due to the large differences in photoperiod between the field sites, a more relevant parameter than date of bud set is the actual photoperiod at the site on a given date. When bud set data were expressed in either way ( Fig. 2A-D) , it was obvious that the six northern populations behaved differently to the six southern, a pattern observed previously . Almost all genotypes from the six northern populations set bud in the Sävar field when the photoperiod was over 16.5 h and almost all southern under 16.5 h. The photoperiod actually inducing bud set is obviously longer as it takes weeks from the trigger to bud set (Rohde and Bhalerao 2007) . The fact that most northern genotypes had a critical photoperiod exceeding 17.5 h strongly skewed the pattern in the Ekebo field, the photoperiod at summer solstice in Ekebo is 17.5 and 16.5 h when bud set scoring started. Consequently, northern genotypes exhibited poor growth in Ekebo, although not as poorly as could be expected from a naïve interpretation of the photoperiod data. These young trees grow predominantly with long shoots, and it is obvious that at least during the first month after bud break, these shoots are not competent to respond to critical photoperiods normally inducing growth arrest and bud set. Therefore, even northern genotypes grow for about a month in the spring even in the absence of a photoperiod permissive of growth.
The date of bud set (Fig. 2E ) and the photoperiod on that date (Fig. 2F) , were plotted genotype by genotype for the two gardens. With two exceptions (two genotypes that in Ekebo grew poorly and were hard to score) all genotypes set bud earlier in Ekebo than in Sävar, i.e. all points except two fall below the diagonal in Fig. 2E . As the days are longer in the northern garden before the equinox, photoperiodic responses must fulfil this criterion. If northern genotypes, where the critical photoperiod for growth could not be reliably scored in Ekebo, are disregarded (red, orange and yellow dots in Fig. 2F ), many of the remaining genotypes appeared to set bud roughly around the same photoperiod in both gardens. To illustrate this, when the whole population was considered, the relationship of bud set date between the two gardens was strong ( Fig. 2E ; R 2 = 0.71, P < 0.001) whereas when only the six southern populations are considered, it was much weaker (R 2 = 0.15, P = 0.003). However, the lack of a tight correlation for each clone between the photoperiod at bud set in the two gardens, should be pointed out. Obviously, there were also genotype-dependent differences in other factors such as differences in the time from perception of the critical photoperiod and bud set, as well as the temperature dependence between clones. Taken together, it appeared as if bud set of the trees in our collection was a photoperiodic response, which could be further modified by other factors.
Senescence was initiated at different photoperiods in the two gardens
When the data for onset of senescence were analyzed in the same way as bud set (Fig. 3A-F) , it was obvious that there was considerable variation between genotypes in the onset of senescence, the within-population variation was larger than for bud set, and that the latitudinal cline was less apparent. The range of dates of the onset of senescence for the individual genotypes was also much narrower in Ekebo (25 days, Fig. 3A ) than in Sävar (40 days, Fig. 3C ), in contrast to bud set where the variation was greater in Ekebo than in Sävar. When date was transformed to photoperiod, the range in Ekebo was approximately 2 h ( Fig. 3B) and in Sävar approximately 4 h (Fig. 3D) . There was also a large overlap between the six southern and six northern populations, compared with bud set where they almost completely separated. There was a significant relationship between onset of senescence date between the two gardens ( Fig. 3E ; R 2 = 0.36, P < 0.001). When only the six southern populations were considered, there was still a significant relationship (R 2 = 0.25, P = 0.0179), indicating that the difference from the 1:1 line was not driven entirely by northern genotypes.
Any response that is induced by the photoperiod should fulfil the criterion that it should happen earlier (before the equinox) in Ekebo than in Sävar, but in contrast, almost all genotypes that started senescing earlier than equinox (Julian day 264) started earlier in Sävar and in Ekebo, while the opposite pattern was found for late-senescing genotypes (Fig. 3E) . Moreover, when the photoperiod on the date of senescence in Ekebo was plotted against the corresponding value in Sävar, the pattern was very different to the pattern for bud set. The data for photoperiod at the date of onset of senescence from the two sites were strongly correlated (r = 0.59) but not along the 1:1 line as it would if the shortened photoperiod had been the trigger. These two findings are incompatible with a hypothesis that the immediate trigger for onset of senescence is day length per se.
Onset of senescence was not associated with increased freezing tolerance in buds
The initial phase of induction of freezing tolerance is controlled by photoperiod but full tolerance, appearing later in the season, additionally requires low temperature cues (Welling and Palva 2006) . As, to our knowledge, it has not been investigated whether or not conditions inducing autumn senescence also lead to increased freezing tolerance, and we believe that our aspen system is a reproducible and useful system, we additionally wanted to collect data related to this question.
As the measurement of induction of freezing tolerance in buds is destructive, our previously extensively studied aspen tree in Umeå was chosen for the study. Aspens in Umeå, including this tree, set bud around Julian day 215-220 (approximately August 2-8) and initiate senescence around day 250 (September 6-7; Fracheboud et al. 2009 ). This year, the temperatures were unusually stable between Julian day 235 and 265 (August 23 to September 22; Fig. 4A) . A gradual increase in freezing tolerance was recorded between day 229 and 251 (August 17 to September 7; Fig. 4B ). Around and after initiation of autumn senescence, cold tolerance did not further increase; if anything, it decreased. This suggests that the initial phase of freezing tolerance may be triggered by the same signal that triggered bud set. However, there was no increase in frost tolerance coinciding with onset of senescence. The increased frost tolerance after day 265 could potentially be a slow (>15 days) response to the same stimuli that triggered senescence, although we think a more likely explanation is that the first frost was the trigger. Photoperiod at onset of senescence, Sävar
Photoperiod at onset of senescence, Ekebo 
Discussion
After the last glaciation, plants and animals rapidly colonized previously uninhabited areas at higher latitudes. Tree species that were to adapt to northern latitudes had to undergo rapid phenotypic changes, and it has previously been shown that the same components -photoreceptors, the circadian clock and the CO/FT output module -that govern photoperiodic control in Arabidopsis is used by trees to adjust their phenology to stop growing and set bud when days become shorter. Furthermore, it has been shown that natural variation in the genes coding for these components have been selected for and in this contribution, we provide additional evidence that adjustment of the photoperiodic pathway seems to be a major determinant of growth and adaptation of the aspen population, at least in Sweden. There is overwhelming evidence that the critical photoperiod is the key trigger for bud set, which is extremely consistent in each genotype among years, and the variation within a local population is very small. However, in addition to variation in the critical photoperiod, the time from perceived critical photoperiod to growth arrest adds to total variation (Resman et al. 2010) , and it is likely that the temperature dependence of the process, requirement for additional shortening of the photoperiod, and/or differences between shoots of different age create further complexity. This is reflected in the bud set data from the population measured in two common gardens with relatively similar weather, but very different light regimes. We are not able to conclude from our data alone that photoperiod is the key trigger for bud set, yet we see no reason to question the dogma that shortening of the photoperiod is the trigger for growth arrest and bud set, although also other factors modify it when the trait is scored in a natural environment.
However, our data are incompatible with a hypothesis that photoperiod provides the trigger for the initiation of autumn senescence in aspen. The fact that senescence was initiated at very different photoperiods in the two gardens and the opposing patterns before and after equinox exclude the possibility that the triggering factor is the photoperiod per se. Our previous knowledge of initiation of autumn senescence in aspen is that it is highly synchronized within a tree, genetically variable but highly heritable, occurs at almost the same date every year, could occur without any drop in temperature and is not initiated at given leaf age or number of days after bud set. In the context of this knowledge, the only possible explanation for our data is that a light-derived factor other than photoperiod is used by aspens to trigger autumn senescence. At this point, we can offer no reasonable suggestion for what this light signal might be. Most other potential signals derived from photoperiod, such as the rate of change or time from dawn to midday, follow the same pattern and are unlikely to be involved. A combination of factors, phytochrome-mediated day-length perception, could be interacting with chloroplast-derived signals dependent on photosynthetic performance. Indeed, photosynthetic performance is likely to decrease as days become shorter and as bud set/arrested growth decreases the sink strength, which in turn will influence the source leaves, and this could provide the signal. The input from other photoreceptors either into the circadian clock system and dependent metabolism (Haydon et al. 2013) , or into signal transduction pathways, could also be envisioned. The result of this different regulation was that trees transplanted either north or south from their site of origin to the common gardens behaved much more like the 'local genotypes' than if day length had triggered autumn senescence. The potential benefit for this over regulation by day length is obvious and is consistent with the striking patterns of population differences in bud set and in senescence.
We did not find any evidence that the system triggering autumn senescence influences frost tolerance in buds. Further studies are needed to confirm this, but it seems reasonable to assume that the first level of freezing tolerance in aspen twigs could be induced as buds form and that full development requires cold temperatures, and there is no obvious reason why induction of senescence -with the purpose of optimizing the nitrogen status of the tree -should be linked to frost tolerance. We hope that further studies, for example, ongoing genome-wide association studies on our aspen population, may give additional insights into these processes. It is intriguing that an extensive association mapping study in Populus trichocarpa revealed 203 polymorphisms associating to bud set, but only 1, 0 and 3, polymorphisms respectively associated to 25, 50 or 75% of canopy yellowing (McKown et al. 2014) . As bud set and senescence, at least in aspen, have similar broad-sense heritability we believe that this is perhaps a consequence of the senescence phenotyping methods used in that study.
We are aware that these findings contradict some data on tree senescence in the literature, but we suggest that the discrepancies can mainly be explained by differences in the study system. Small trees grown in pots in greenhouses (e.g. Sillanpää et al. 2005 ) are very different in terms of senescence from our large, field-grown aspens, as they typically grow only with long shoots rather than short shoots from winter buds. It is likely that the senescence in each leaf follows a similar pattern in all cases, for example, chloroplasts and cells that contain chlorophyll in advanced stages of senescence always appear to remain active, see for example, Acer (Junker and Ensminger 2016) and Platanus (Lichtenthaler and Babani 2004 ). At the whole tree level, senescence parameters in greenhouses are confounded with factors such as leaf age and subsequent shading of lower leaves, especially as light always comes from the same direction. In contrast, field-grown aspens experience light from many directions and in addition, aspen leaves always flutter in the field, which contributes to homogenizing the light environment (Roden and Pearcy 1993) . Therefore, the highly synchronized senescence that we see in our experimental trees is often not observed in greenhouse studies. This does not mean that studies performed on such trees are less valuable, but they do not necessarily reflect autumn senescence in a forest.
Global warming is resulting in longer growing seasons, particularly in boreal forests (Gill et al. 2015) . Extended growing seasons are attributed mostly to warmer springs, when aspen phenology is largely governed by temperature. In warm autumns, a slower rate of senescence causes delayed decoloration, a pattern which we observe in our aspens that initiate senescence on a given date. Given that the within-species variation in the date of onset of senescence is so large, the gene pool will gradually alter as the climate becomes warmer and selection pressure slowly changes, i.e. trees are gradually replaced with genotypes that are adapted to warmer autumns. Finally, the capacity to initiate senescence on a given date, based on light signals, is certainly not a general characteristic of trees. Such a capacity would be adaptive at high latitudes, where rapid changes in day length provide precision of timing, where winters in general are harder, and the incident light is much lower in the winter: in these conditions, it is seldom beneficial to keep the leaves late into the autumn. In milder climates, trees with green leaves could potentially photosynthesize even in November or December in a mild autumn, therefore senescence induced at a given date would be selected against, explaining why many tree species appear to initiate senescence based on temperature cues. Different tree species clearly respond differently to phenological cues; a study on oak and beech showed that warm temperatures not only affected bud burst but also leaf senescence and even bud burst the following year (Fu et al. 2014 ), a phenomenon that we cannot detect in aspen. It would be adaptive for tree species in boreal regions to uncouple regulation of senescence and bud set/growth arrest, and aspens have obviously managed to achieve this. We could even speculate that the extremely low diversity of tree species in the northern boreal forests could be explained by autumn senescence properties. In boreal forest ecosystems, which in general also are nitrogen-poor and would therefore disfavor trees that do not senescence on time, perhaps the only deciduous species that are competitive are those that initiate senescence 'by the calendar'.
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